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ABSTRACT

Results are presented for an investigation of
liquid surface disintegration and associated phenomena
resulting from the longitudinal excitation of a tank con-
taining liquid.

First, details of a combined experimental and theo-
retical study of liquid surface disintegration are given.
The conditions necessary to give surface disintegration,
found experimentally for several liquids, show that the
required input acceleration increases roughly in proportion
to frequency. A theory is developed which predicts a large
amplitude liquid surface instability and is shown to give
conservative estimates of the experimentally obtained dis-
integration conditions. The theory appears to be valid for
low gravity environments.

Results of several experiments performed to verify
Yarymovych's hypothesis of spray excited modes are con-
cluded to be adequate proof of the validity of this hypothesis.
Further, an excess surface acceleration is defined and shown
to be an important parameter in correlating experimental
data for the input conditions necessary to give spray excited,
low frequency modes.

Finally, the results of some limited testing performed
to determine the influence of a random input acceleration on
surface disintegration and spray excited modes are presented.
It is found that the spray excited mode phenomena exhibits
trends very similar to the sinusoidal excitation case. How-
ever, it is concluded that a comprehensive understanding of
disintegration for a random input will require further investi-
gation involving extensive use of a very sensitive spray trans-
ducer.
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I. INTRODUCTION

Plans for future activities in space have brought into sharp focus the
fact that little is presently known about the behavior of liquids which exist
under reduced gravity conditions for extended periods of time. One very
important aspect of this behavior concerns the response of the liquid-vapor
interface to various types of disturbances, such as the stopping or starting
of rocket motors and vibration resulting from on-board movement. If these
disturbances are of sufficient magnitude, instability leading to disintegration
of the interface may result. In terms of potential effects upon the perfor-
mance of a space vehicle, the occurrence of propellant surface disintegration
can be very detrimental under low gravity conditions. Some possible reasons
for this are:

(1) Globules of propellant, floating free from the main body of the
liquid, are susceptible to loss during venting.

(2) Gross disintegration of the liquid can result in restart problems
by allowing the entrainment of vapor in the suction line.

(3) It is possible for the liquid particles, by impacting back onto
the liquid surface, to excite large amplitude surface waves.

While there is a rather large amount of literature dealing with various
types of surface waves and ''sloshing' of liquids contained in vibrating con-
tainers, much of which has been recently summarized in a comprehensive
monograph [1] 1, no information is currently available to allow prediction of
the breakup or disintegration of the liquid surface. It is the purpose of this

report to discuss surface disintegration of a liquid in a longitudinally excited
container for what will be termed high frequency excitation; that is, frequen-

cies such that the corresponding surface wavelengths are small compared to
the container diameter. Specifically, the details of an experimental and a
theoretical study are given, the results of which are felt to be useful for the
prediction of disintegration under arbitrary gravity conditions. In addition,
the results of a study of spray excited low frequency waves are also pre-
sented.

INumbers in brackets refer to references listed at the end of this report.
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II. PRELIMINARY OBSERVATIONS AND SCOPE OF STUDY

Experimental Observations

As a prelude to more detailed discussions of the problem at hand, it
is desirable to first describe, in a qualitative fashion, what happens when a
cylinder containing liquid is oscillated longitudinally at high frequency.
Starting with an initially quiescent surface, as the excitation amplitude is
increased from zero for a given frequency, a point is reached at which the
interface suddenly begins to exhibit 1/2 subharmonic response in the form of
individual wavelets, equally spaced over the liquid surface?2. Figure 1
shows a photograph of such a response. Increasing the input amplitude
further causes these wavelets to respond with greater amplitude until a point
is reached at which the wavelets begin to disintegrate and form globules or
spray particles as shown in Figure 2. The amount of spray and its trajectory
height above the free surface are observed to depend, logically, upon the
excitation amplitude. Once significant spray is formed as a result of further
increasing the input amplitude, the response of the surface is noted to change
in character, with the impacting of the particles back onto the interface
seemingly exciting lower order modes (surface waves with longer wavelength
and lower oscillation frequency). The wavelength of the spray-excited
modes is observed to increase as the spray trajectory height is increased,
and excitation of the first few modes to large amplitudes is easily accom~-
plished under the right conditions. See Figure 3.

Summarizing, if a cylinder containing liquid is arbitrarily excited
longitudinally at high frequency, the free surface may respond in one of the
following ways, depending upon excitation amplitude:

(1) Harmonic symmetric response for sufficiently small excitation
amplitudes for some input conditions;

(2) 1/2 subharmonic response in the form of equally spaced
wavelets;

(3) 1/2 subharmonic response with some spray;

(4) 1/2 subharmonic response with considerable spray and attendant

spray-excited lower order modes of possibly large amplitudes.

2Under some conditions, the surface was observed to respond harmonically
in a symmetric fashion with standing waves in the form of concentric circles
before the 1/2 subharmonic response set in.
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Figure 1. High Frequency 1/2 Subharmonic
Response - Stable Waveform

Figure 2. High Frequency 1/2 Subharmonic
Response With Spray

4




Figure 3. Spray Excited First Symmetric Mode In A
24.8-cm Cylindrical Container




Discussion of Previous Work

The various types of liquid surface responses recordedabove will now
be discussed in light of the work of previous investigators.

The first recorded observations of standing waves on the surface of a
vertically vibrating liquid are due to Faraday [2] who noted a 1/2 subharmonic
response of the surface. This was contrary tothe experiments of Matthiessen [3]
who later observed synchronous or harmonic response. This disagreement
prompted Rayleigh [4] to further look into the matter, and he, like Faraday,
observed 1/2 subharmonic response of the liquid surface.

A satisfactory theory to describe the stability of the surface of a liquid
being vertically oscillated seems to have been first discussed by Benjamin
and Ursell [5] and was based on a system of Mathieu equations. It should be
noted that Rayleigh [6], as mentioned by Benjamin and Ursell, had earlier
suggested that a special application of his theory of maintained vibrations,
which resulted in a single Mathieu equation, might be extended to explain the
1/2 subharmonic surface response which had been observed. The work of

Benjamin and Ursell does, however, explain both the synchronous response
observed by Matthiessen and the 1/2 subharmonic response observed by
Faraday and Rayleigh, hence, clearing up the disagreement.

Although it is possible, based on small amplitude theories such as
those of Benjamin and Ursell, to define stability boundaries predicting input
conditions required to initiate surface oscillations, successful determination
of response amplitudes can only be made from a large-amplitude or nonlinear
theory. Apparently, the first nonlinear analysis for liquid surface forced
response was made by Yarymovych [7] for a rectangular tank. He used an
analytical method similar to that earlier employed by Penney and Price [8] in
their analysis of finite-amplitude standing waves. A recent study of the
response of the liquid surface in a longitudinally excited cylindrical container
has been reported by Dodge, Kana, and Abramson [9]. In this work, the
stability boundaries for several modes were obtained analytically and verified
experimentally. Further, the response amplitude was predicted from a
nonlinear theory and found to compare rather well with test results.

In view of the work reported by previous investigators, as sumumnarized
above, methods for prediction of the instability and response of the first few
modes in longitudinally excited containers can be considered rather well
established at this time. Knowledge of the instability and response at high
frequency, however, has received considerably less attention. o




As noted in [9], the unstable regions for various surface wave modes
overlap more and more as excitation frequency increases, hence, at high
frequency, the 1/2 subharmonic response of some mode is virtually a cer-
tainty. This fact is readily displayed in Figure 4, which was taken from
a report by Kana [10], and shows the general stability boundary of 1/2 sub-
harmonic surface wave response for a longitudinally excited cylinder. One
important bit of information which is lacking at this time is: What mode(s)
will most probably be excited at high frequency in this region of considerable
overlap of the stability boundary? In other words, for a given high frequency
excitation, what is the mean wavelength of the surface waves? Another
important question, for which no answer can be presently found in the litera-
ture, is: How can the conditions necessary for disintegration of the interface
resulting from high frequency excitation be predicted?

As seen in Experimental Observations, the occurrence of small
wavelength surface waves and spray or disintegration may not be the only
consequences of high frequency excitation of a liquid containing cylinder.
The discovery of spray-induced long wavelength surface waves of a very low
order compared to the exciting frequency was apparently made by
Yarymovych [7] in connection with his study of large-amplitude response.
In addition, Yarymovych set down a hypothesis in an attempt to explain how
the spray particles impacting back onto the liquid surface might cause a
forcing of the low-order modes. He did not, however, present any experi-
mental verification of this hypothesis.

In summary, it has been found through a brief examination of
previously reported work that some of the surface phenomena observed
during high frequency excitation of a liquid containing cylinder can be
explained while some cannot. In particular, the following questions remain
unanswered regarding high frequency excitation:

(1) What are the conditions necessary for surface disintegration?
(2) What modes are most probably excited for given input conditions?

(3) Can Yarymovych's spray hypothesis be experimentally verified?

(4) Can the occurrence of low-frequency spray-excited modes be
predicted?
(5) What is the influence of random excitation upon surface dis-

integration and low-frequency spray-excited mode phenomena?
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Scope of Present Study

The objective of the present study is to obtain answers to the previous
questions and to interpret the results in such a manner as to be useful for
low -gravity work,

In an effort to achieve this objective, the following scope of study
has resulted:

(1) Experimentally determine the conditions necessary for surface

disintegration.
(2) Develop a theory for the prediction of surface disintegration.
(3) Try to answer the question of what modes are most probably

excited (most probable state) as a result of arbitrary high
frequency excitation.

(4) Obtain experimental verification or negation of Yarymovych's
hypothesis of the spray excitation of lower order modes.

(5) Define quantitatively the conditions necessary for the existence
of spray-excited low-frequency modes.

(6) Gain some insight into the effect of random excitation.
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III. EXPERIMENTAL STUDY OF DISINTEGRATION

The purpose of this section is to describe the apparatus, test procedure,
and results of an experimental study conducted to determine the conditions
necessary for disintegration of the liquid surface resulting from a high ‘
frequency excitation. Also, some additional observations are presented to
help answer the question of what is the most probable state of a liquid surface
for a high frequency excitation.

Apparatus and Test Method

The apparatus used for this study is shown in Figure 5. It consisted
of a 9. 5-cm diameter acrylic plastic cylinder, containing the test liquid and
excited longitudinally by an electrodynamic shaker. A few tests were also
conducted with a 24.8-cm cylindrical tank excited by a larger shaker (not
shown). All tests were conducted in the following manner:

(1)  The liquid to be tested was put into the test tank with sufficient

depth being maintained so that the wavelength was smaller than |
the depth. Hence, damping resulting from nearness of the |
bottom could be considered negligible. For most tests, about i
a 2.5-cm depth was used. It should be noted that the use of |
greater depths indicated that coupled liquid-tank compressibility ‘
affected the results at high frequency--an undesirable com-

plication.

(2) The liquid-tank system was excited longitudinally at a given
frequency with the amplitude being carefully varied until the
minimum amplitude necessary to give surface disintegration
(the threshold of spray) was found. This procedure was
repeated several times to ensure accurate data.

Experimental Results

The threshold of spray was obtained in the above manner for four
liquids; water, ethyl alcohol, 50 percent by volume ethyl aicohol in water,
and 50 percent by volume glycerine in water. The range of input frequency
was 20 to 200 cps for most tests, although some tests were conducted some -
what above or below this range. The results of all tests are shown in
Figure 6. The ordinate of this figure is dimensionless input acceleration,
i.e., the input acceleration divided by the standard acceleration of gravity.

11



Figure 5. Experimental Apparatus Used To Obtain
Threshold Of Spray
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Examination of Figure 6 prompts the following observations:

(1) For a given liquid, the excitation acceleration necessary to
produce disintegration is seen to increase roughly in direct
proportion to frequency, indicating that the phenomena is highly
dependent on excitation velocity.

(2) For a given input frequency, reducing the surface tension
reduces the input acceleration needed to give spray.

(3) Increasing viscosity, for a given frequency, increases the
threshold input acceleration. '

(4) Below an input frequency of about 50 cps for the liquid tested,
the effects of surface tension and viscosity seem to become very
small, as all data tend to approach one curve, indicating gravity
effects are predominant. This is logical since both the Reynolds
number based on wavelength and the Bond number based on
wavelength increase as frequency decreases.

Observations of the Most Probable State

While conducting the experiments to determine the threshold of spray,
it was observed that, when the light conditions were properly adjusted,
individual wavelets on the excited surface could be readily distinguished from
overhead. Hence, overhead photographs might be used to determine the
mean wavelength as a function of frequency and thus learn something about the
most probable state for an arbitrary high frequency excitation. A series of
photographs was therefore made of the liquid surface in a 24. 8-cm cylindrical
container for a rather limited range of excitation frequencies from 20 to
80 cps, water being the test liquid. Figure 7 shows a typical photograph
which resulted, in thiscase, from a 20-cps excitation. Each picture was
made with an excitation amplitude just below the threshold of spray value.

The following observations were made from the photographs:

(1) Remembering that this was high frequency excitation so that the
mean wavclength was at least one order of magnitude smaller
than the tank diameter, it was found that at each frequency the
surface could be described by 'a rather equal distribution of
wavelets, each of approximately the same wavelength. "

(2) While not so obvious from the photographs as from actual
observations of the liquid surface, the action of each wavelet
looks qualitatively like the action of the first symmetric mode
in a cylindrical, longitudinally excited tank.

14
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Figure 7. Overhead Photograph Showing 1/2 Subharmonic Response
With Equal Distribution Of Wavelets
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(3) Measured values of wavelength taken from the photographs
corresponded well with values calculated for the first symmetric,
small-amplitude capillary wave in a cylindrical container with
a diameter corresponding to the wavelength.

From these observations, it was concluded that the most probable
state of the liquid surface responding to an arbitrary high frequency excitation
is one for which:

(1) There is an equal distribution of more or less symmetric
individual wavelets over the surface responding at 1/2 the
excitation frequency.

(2) The mean wavelength corresponds approximately to the

calculatedlinear or small-amplitude value for a single sym-
metric capillary wave.

16




IVv. THEORY FOR SURFACE DISINTEGRATION

The purpose of this section is to present the details of a theory
developed to predict the minimum conditions necessary for surface disinte-
gration, i.e., the threshold of spray and to show a comparison of this theory
with the experimental results of Section III,

Briefly, a solution is sought to the governing equations which describes
the large-amplitude, nonlinear response of the liquid surface with surface
tension effects being important. As will be seen, the solution obtained pre-
dicts a threshold input acceleration, for a given frequency and wavelength,
beyond which the large-amplitude response is unstable and (it is hypothesized)
results in surface disintegration. It is very important to distinguish between
the large-amplitude instability to be discussed here and the small-amplitude
instability which results in the onset of surface oscillation for an initially
plane surface.

Formulation

For the purposes of this analysis, the fluid will be assumed nonviscous
and incompressible. A gas of negligible density will be taken as the upper
fluid, the interfacial surface tension will be included, and wall contact effects
will be neglected, i.e., the mean surface is assumed flat. The liquid sur-
face will be assumed responding to a longitudinal excitation of the liquid-tank
system with an equal distribution of wavelets, oscillating at 1/2 the excitation
frequency. '

As a result of the occurrence of an equal distribution of wavelets on
the surface, it is necessary only to analyze the action of a single wavelet as
though it were contained in a hypothetical cylindrical tank with a diameter
corresponding to the wavelength, Hence, the wavelet is the first symmetric
mode in the hypothetical tank, Figure 8 shows the liquid surface to be
analyzed and the coordinate system to be used, which is a symmetric cylin-

drical system fixed at the mean liquid level and corresponding to the hypo-
thetical tank for one wavelet, Note that this is a coordinate system moving
with the tank. Unless otherwise indicated, all further discussion will be for
the '"liquid-tank system' of a single wavelet.

The motion of the liquid under consideration, being incompressible
and irrotational, is obtainable from a velocity potential ¢(r, z,t) which is

related to the vector velocity by

v =V (1)

17
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where ¢ is governed by Laplace's equation

V24 = 0 (2)

within the confines of the tank and the free surface; i.e., r<R and -h <z
< n(r,t), n defining the height of the surface above the reference plane z = 0.

The boundary conditions which must be satisfied are:

(1)

(2)

(3)

The liquid velocity normal to the tank walls and bottom must be
zero, hence,

9 _ -
— =0 at r = R (3)
9 _ -

=0 at z = -h (4)

The liquid surface moves with the liquid (kinematic surface
boundary condition) which implies

Dn . -

Dt =0 on z =7

or

m_§_4_>+_52§_3ﬁ20 on z =1 (5)

ot 9z Or Or

The pressure across the interface results from surface tension
and the surface curvature, hence,

. on
op 1 . _,o)1 o or

§+E(V¢ Vo) +G(th 5T Br 1+<8n)2 (6)
or

where G(t) = g - 4‘*’2Xo cos 2wt represents the effective gravity
for the moving-tank system. The excitation frequency is 2w,
and w is the wavelet oscillation frequency.

19



Solution

The method of solution essentially follows that used by Dodge, Kana,
and Abramson [9] for analysis of the nonlinear response of a liquid surface
in a longitudinally excited cylinder. The difference will be that surface
tension effects have been included in the present analysis.

Assuming the tank is effectively infinite in depth (h >> R), a solution
of Eq. (2) satisfying (3) and (4) is

QO

N
¢ = Z apnJo(Apr)e @
n=1

Z

(7)

where the A\, are the roots of Jj(A\,R) = 0. Similarly, it is assumed that n
is of the form

Q0
n= > bnJo(Anr) (8)

n=1

The coefficients in Egs. (7) and (8), a, and b,, will be taken as functions of
time.

The procedure at this point is to substitute the forms for ¢ and n, as
given by Eqs. (7) and (8), into the nonlinear boundary conditions, Egs. (5) and
(6), and then expand the resulting two equations in terms of a series of Bessel
functions. This results in an equation corresponding to Eq. (5) of the form

X (dby
> =& * 2nDnlaio Br)p Jolhnr) = 0, k=1+oo (9)
n=1
and for Eq. (6), the form
&= day o
zl dt + G(t)by, + F(ay, by) + EHn(ak’ bl Jo(hpr) = 0 (10)

Here Dn’ Fn and Hn are nonlinear functions of ax and bk(k = l-»o0), thus,
nonlinear functions of time. Egs. (9) and (10) are satisfied by setting the
coefficients equal to zero, hence resulting in two infinite sets of ordinary
nonlinear differential equations to be solved simultaneously. Obviously, only
some truncated set of these equations can be solved. In [9], only the

20




simultaneous effects of three modes ()\1, )\2, )\3) were considered in studying
the 1/2 subharmonic response of the first symmetric mode (\]). The results
of [9] seem to indicate that the principal benefit gained from the inclusion of
the A, and \3 mode effects in the study of the \} mode was a better description
of the wave shape. Otherwise, the response of the A\;{ mode seems influenced
fittle by )\2 and A, mode effects. Inview ofthis, the symmetric response of a
single wavelet in its hypothetical container will be assumedadequately described
by the action of the \| mode only. Hence, ¢ and 1 will be taken as

A
¢ = ajJo{r1r)e m on z =1 (11)

and

byJ (N T) (12)

n

Also, use will be made of the dimensionless quantities

§ = =2 with wi =()\1g)1/2
|
T =w1t
2

L

1= 5] %
By = Mby

and

€ = )\lxo

In view of the assumed forms of ¢ and n as given by Eqgs. (11) and (12),
the resulting dimensionless form of Eq. (9), correct to seventh order,is

B1 - a1(1.00 +0.1761p) +0.06898BF +0.01198B7 +0.002195p7F +

+0.0003069 [3? + 0.00003929 [3(1)) =0 (13)

3The numerical constants in Eqgs. (13) and (14) resulted from the integrations

necessary to obtain the Bessel function expansions indicated by Eqs. (9) and
(10). Essentially, then, these constants arise from using a Galerkin procedure
with respect to the A\ liquid surface mode. They were obtained numerically
with the aid of a digital computer.
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The corresponding dimensionless form of Eq. (10) correct to seventh order
(with polynomial approximation for the surface tension contribution)? is

a,(1.00 +0.3523B, +0.2070 B2 +0.04792p3 +0.01097pF +
5 6 2
+0.00184267 +0.0002750 B7) + (1 - 45% cos 267) B +
Y

+a2(0.55198, +0.2107B3 +0.0301783) +

+ (5%-73) (By - 0.089283 +0.0044283) =0  (14)
L

where B, represents the Bond number based on wavelength, L (L corresponds
to the diameter of the hypothetical container or 2R). The next step will be to
substitute aj from Eq. (13) into (14); however, before doing so it is well to
point out the following: In obtaining Eqgs. (13) and (14), a balance has been
maintained by retaining up to seventh order contributions on all nonlinear
terms (except the surface tension). It is important to maintain this balance
by retaining only product terms up to seventh order which result upon substi-
tution of Eq. (13) into (14). Elimination of a] between Eqs. (13) and (14)

gives

By (1 +0.3388BF + 0.04027p% +0.0025418%) +
L 52 3 5
BT(0.35198 +0.1523p7 + 0.02402p87) +
+(1 - 45% cos267) B (1.0 +0.1689p% +0.01337p7 +

58.73
L

+0.0006330%) + (By +0.07972p3 +0.00263383) = 0

(15)
Eq. (15) is then the nonlinear governing relation for the temporal response of

the first symmetric mode (\;) in a hypothetical container of diameter L and
correct to seventh order. In the previous study [J] of the forced noulinear

4This representation of the surface tension contribution was obtained through
a '"polynomial fit'" of the exact representation, which was calculated numeri-
cally. This procedure was necessary because of a divergence problem with
a conventional power series representation.

22




response of the first symmetric mode (excluding surface tension) in a cylindri-
cal container, it was shown that the most elementary stable steady-state solu-
tion is the approximation $; = A sin67. 5 This will be the form of solution
sought here, the reason being to, hopefully, result in an algebraically simple
yet accurate form. Now, substituting the assumed steady-state solution

By = Asind7 into Eq. (15) gives

52¢ = 82(1.0 +0.1661A% +0.006131 A% - 0.0004869 A®)
(2.0 +0.3378 A2 +0.02507A4 +0.001108 A6)

(1.0 +0.1267A2% +0.008356 A% + 0.0003462 AS)
(2.0 +0.3378 A2 +0.02507A4 + 0.001108 Ab)

) (58.73) (1.0 + 0.05979 A2 4+ 0.001646 A%) (16)
By, (2.0 +0.3378 A2 +0.02507A% +0.001108 A)

Eq. (16) now gives the theoretical dimensionless input acceleration, wzxo/g =
452%¢, in terms of § (dimensionless wavelet frequency), A (dimensionless
wavelet amplitude), and By,. However, before use can be made of Eq. (16),

it is necessary to specify wavelength in terms of frequency for the liquid
surface. Based on the information gained in Section III concerning the most
probable state, it is postulated that the wavelength of each wavelet corresponds
to a linear natural frequency which is 1/2 the frequency of excitation; hence,

§2=28:73 ;1.9 (17)
B
L

with, it will be recalled

62= w? - wZds (18)
and
2,2
o

Here, £ is the dimensionless wavelength based on actual container diameter, d.

5The form By = AsindT is the first term of
0
By = 'zl {Aj sinjé7 + Bj COSJGT} , jJ=13,5
J:

with By = 0, since cos 8T is an unstable contribution.
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Using Egs. (16) and (17), the dimensionless input acceleration has
been calculated as a function of response amplitude and excitation frequency
for three different container Bond numbers, Bg (corresponding to the three
liquids tested experimentally). Figure 9 shows a plot of dimensionless input
acceleration versus response amplitude for several input frequencies with a
container Bond number corresponding to water in the test tank. Note that
there is a maximum acceleration point for eachcurve, indicating that once a
certain input acceleration is achieved, corresponding to this maximum point,
no increase in input acceleration is needed to give further increases in wave-
let amplitude. Hence, for an input acceleration smaller than the critical
(maximum) value, the wavelet response will be stable. For an input accelera-
tion greater than the critical value, the response is unstable and should lead
to surface disintegration. It is therefore hypothesized that the critical accel-
eration value predicted by this theory will be an indication of the input neces-
sary to give surface disintegration.

Comparison of Theory with Experiments

In order to test the validity of the previous stated hypothesis, a com-
parison has been made between the theory and experiment by plotting the
predicted critical acceleration as a continuous function of frequency along
with the test results. This comparison is shown in Figures 10, 11, and 12,
corresponding to three of the liquids tested. It may be immediately noted
that, in each case, the experimental threshold of spray results are greater
than the predicted instability values by approximately a constant factor (the
order of 1 g). Recall, however, that the theory predicts a condition of
instability for which the wave amplitude tends to grow; this might or might
not correspond to a condition for which liquid globules will actually leave
the surface. The validity and significance of the theory therefore remains,
at this point, undetermined.

In view of this question concerning the meaning and usefulness of the
theory, it was decided to investigate experimentally the possibility of
observing the predicted instability and see if it corresponded to a distinct and
separate condition from the threshold of spray. Utilizing the test apparatus
shown in Figure 5, the surface response was carefully observed while the
excitation amplitude was being slowly increased at a given frequency. It
was found that there is a large ampilitude instability of the type predicted by
the theory, the features of which can be qualitatively described as follows:

(1) The instability is obvious in that, as the excitation amplitude

is slowly increased, a point is reached (focusing attention on

a single wavelet) for which the wavelet response suddenly
changes from a uniform 1/2 subharmonic motion with a mode
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shape like that of Fligurc 13a to a ncnuniform ''beating motion"
with a mode shape similar tc that of Figure 13b.

(2) There is no clearcut input amplitude for which the wavelets
over the entire surface suddenly begin to show this instability.
Rather. the condition builds up over some input range, and,
when the majority of the surface seems to be exhibiting this
phenomena, a gradual transition to a spray condition occurs
upon further increasing input amplitude, Figure 14 is a photo-
graph of the surface response in the 9.5-cm diameter test
container with a condition for which part of the wavelets are
exhibiting this instability and part are not (arrows indicate the
unstable wavelets),

(3) It was found that the thecretical instability predictions corre-
sponded to a condition for which the majority of the surface
wavelets demonstrated this instability. but for which there was
no actual surface disintegration (no spray).

Judging from the results of the previous comparison and discussion,
it is believed that the theory is of value in making conservative predictions
of surface disintegration due to forced vibration of the liquid., In particular,
the theory allows such predictions to be made for 'any gravity condition and
should be beneficial for low gravity studies,

Low Gravity Application of Theory

To aid in the rapid prediction of surface disintegration under low
gravity conditions, Figure 15 has been prepared from the theory. As can be
seen from the figure, one curve is generally valid for all Bond numbers (Bd)
less than about 100, For Bond numbers greater than this, separate curves
are required but have not been plotted. To make use of this figure, it is
necessary only to calculate the quantities (wzxolg) - Bg and (wz‘d/g) - Bg from
known information and then determine if the corresponding point lies above or
below the curve. Points above the curve generally indicate there will be
surface disintegration, and points below indicate there will not be disintegration.
It must be remembered that the theory does not predict the degree of severity
of disintegration, only whether it will or will not occur, In this light, the
following rules of thumb may help in assessing the severity of disintegration:

(1) Points on or slightly above the curve indicate little, if any,
disintegraticn,

(2) Values of (wzxolg) . Bg about 50 percent greater than the curve
values indicate gross disintegration with the majcrity of the
wavelets participating. Even larger values of (wzxo/g) - Bg
indicate increasing particle trajectory heights,
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(a) Stable Response

(b) Unstable Response
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Figure 13. Mode Shapes For Stable And Unstable
Large Amplitude Wavelet Response
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Figure 14. Photograph Of Unstable 1/2 Subharmonic Large
Amplitude Response
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One final bit of discussion is in order concerning the use of the theory.
Recall that the mean surface was assumed to be plane and perpendicular to
the axis of excitation. However, for small Bond number conditions, the mean
surface may assume a more nearly spherical shape with only one point being
tangent to a plane perpendicular to the excitation axis. This does not appear
to detract from the usefulness of the theory if the following considerations
are made:

(1) The wavelengths under consideration here are small compared
to the container diameter and hence to the radius of curvature of
the meniscus. This means that, to a first approximation, the
surface, as it appears to a single wavelet, is plane.

(2) Because of the nonplanar meniscus, the excitation axis is per-
pendicular only to a portion or to a single point of the surface as
shown in Figure l6a. It seems logical to assume that only those
portions of the surface which are perpendicular (or nearly so)
to the excitation axis can be treated directly with the theory.
Predictions of surface disintegration for those portions of the
meniscus not approximately normal to the excitation axis can
probably be made by using the local effective or normal com-
ponent of the excitation amplitude, Xgo, in the computation of
(xowe/g) - Bg; hence, (xoewz/g) - Bq. The local effective com-
ponent is evaluated as shown in Figure l6a. Figure 16b illus-
trates the type of surface response which might be expected,
with the largest amplitude perturbations in the regions with the
largest effective excitation amplitudes.
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V. SPRAY EXCITATION OF LOWER ORDER MODES

Introduction

The occurrence of spray-excited large-amplitude surface waves with
frequencies of a very low order compared to the excitation frequency was
first reported by Yarymovych [7]. His investigation of this phenomena
included the formulation of a hypothesis to explain this low-order instability,
the essential features of which are summarized below:

(1) Excitation of the low frequency wave results from an impacting
of the spray particles onto the surface in such a manner as to
cause a positive forcing.

(2) The low frequency wave near its maximum amplitude point
produces a higher and denser spray than the depressed portion;
hence, there is a periodic variation in spray height and density
near the wave crest of the form shown in Figure 17.

(3) Positive forcing of the low frequency wave can occur only if the
total momentum of the particles impacting during the downward
movement of the wave is greater than the momentum of particles
impacting during upward motion.

Other than the formulation of this hypothesis from visual observation,
Yarymovych presented no experimental verification in support of his ideas.

In this section, the results of an experimental investigation of spray
excitation of the first symmetric mode in a 24. 8-cm longitudinally excited
cylindrical container are given. These results are used to give support to
Yarymovych's hypothesis and to provide some quantitative information about
the conditions necessary for the existence of spray excited low frequency
modes.

Basically, it has been observed that, by exciting a container of liquid
longitudinally so that there is significant spray, the initial state of the sur-
face (shortly after excitation begins) is a 1/2 subharmonic response (with
spray). As time progresses, however, lower modes begin to appear. These
modes are ordinarily absent for the same excitation frequency at an excita-
tion amplitude for which no spray is produced.

The lowest order mode excited by the spray seems to be highly
dependent upon the input conditions. Some preliminary observations showed,
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for example, that, if theinput amplitude was held constant and frequency
slowly increased, the following low order modes could be identified super-
imposed on the high frequency Surfaceé:

(1) m=1,n=2

(2) m=0, n=1 Increasing excitation frequency
(constant amplitude); hence, increasing
(3) m=2, n=1 input acceleration,

(4) m=1,n=1 Y

It is very significant to note that this order of appearance of the spray

excited modes also corresponds to a decreasing order of their natural fre-
quencies7. One other important observation made was that, as noted by
Yarymovych, the action of the low frequency mode definitely seems to modu-
late the spray, with particles appearing to leave the surface in the greatest
numbers and with the greatest velocities when the motion of the low order
mode was upward. This gave a maximum spray density above the surface when
the wave was in the vicinity of its maximum upward position.

Although it was found possible to spray excite a number of low order
modes, it was decided to study experimentally only one such mode and, since
the first symmetric mode (m = 0, n = 1) appeared easily excitable and also
its amplitude easily measured, this one was chosen for study.

Description of Experimental Apparatus and Methods

Seeking to gain enough information to answer whether Yarymovych's
hypothesis is correct and to define, if possible, the conditions necessary for
excitation of the (m = 0, n = 1) mode, we performed the following experiments:

(1) Production of high-speed motion pictures of the spray excited
mode to allow better observation of the phenomena,

6I—Iere, m and n are mode numbers corresponding to the eigenfunctions
Jm{Amnt) *» cos mfB which describe the surface.

7Increasing input acceleration for a constant frequency implies greater spray
trajectory heights (also greater trajectory times) which is in correspondence
with the trend of decreasing natural frequencies of the spray excited modes.
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(2)

(3)

(4)

Study of the influence of a spray suppression baffle suspended
above the liquid on the (m = 0, n = 1) mode amplitude.

Monitoring of the amplitude of the spray forced (m = 0, n = 1)
mode as a function of excitation amplitude and frequency.

Monitoring of the spray density (particles per unit time per unit
area) at various levels above the liquid surface both with and
without the low frequency mode present,

Most of the experiments described above were conducted with a
24.8-cm diameter cylindrical tank containing water, the depth depending on
the experimentB. Excitation was provided by a 1600-1b electrodynamic
shaker. Special instrumentation used included:

(1)

(2)

(3)

High-speed motion picture camera capable of operation at the
desired rate of 500 fps.

Wave height transducer for monitoring the amplitude of the
spray excited wave. This transducer was identical to the one
developed and described by Kana [11].

A gpray transducer to monitor the particle density at various
heights above the liquid surface. This transducer, which was
specifically built for this study, works on a variable conductance
principle much the same as the wave height transducer. Fig-
ure 18 shows a block diagram of the electronic system for this
transducer. Particles impacting on the probe cause a conduc-
tance change in the corresponding leg of the bridge circuit,
hence, generating pulses which can be counted after proper
filtering of the signal.

Results of High-Speed Motion Pictures

Viewing the slowed-down interaction between the high frequency sur-
face with spray and the low frequency mode from the motion pictures proved
very beneficial and yielded the following observations:

(1)

The modulation of the spray is such that the greatest percentage
of particles leave the surface during the time the low order mode

8Some testing was also done in a l11l.4-cm tank, and, further, some unreported
experimental results obtained by Kana with a 14.5-cm tank will be presented.
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is progressing from its minimum amplitude point to its maxi-
mum amplitude point. The particles leaving during this period
also have the greatest trajectory heights. It should also be
noted that the greatest modulation occurred in regions of great-
est activity of the low frequency mode, i.e., near the center
since this was the (m = 0, n = 1) wave,

(2) These particles, leaving in the period and manner described in
(1) above, generally impacted back onto the surface when the
low frequency mode was moving downward, hence reinforcing
the motion,

These observations simply add further credence to Yarymovych's hypothesis,

Baffle Influence on Spray Excited Mode

Results of the experimental study to determine the effect of a spray
suppression baffle upon the amplitude of the (m = 0, n = 1) mode are shown
in Figure 19, The ordinate of this plot is amplitude of the low frequency
mode. A', normalized by dividing by the amplitude with the baffle removed,
ALy thus, a normalized amplitude of unity means the baffle has no effect.
Tests were performed at two excitation frequencies, 30 cps and 50 cps, with
data being obtained for two input acceleration levels at each frequency. While
the results of Figure 19 are rather limited and restrictive with respect to
test conditions, the following comments can be made regarding these tests:

(1) A spray suppression baffle definitely does influence the spray
excited mode amplitude.

(2) There is an upper value of baffle height above the liquid surface,
h;,, which defines the limit of influence. For heights greater than
this limit, the low frequency mode experiences no effect from
the baffle. The data show hy to increase as the excitation fre-
quency increases.

(3) There is also a lower limit of baffle height, hl . below which
the low frequency mode is completely suppressed. The datz

show h, to be a constant independent of input conditions,

(4) Baffle influence appears to be independent of input acceleration
(at constant frequency) in the range investigated,

From these results, it is possible to infer some interesting information
about the coupling between the low frequency mode and the spray. First of all,
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since it is possible to completely suppress the low frequency mode by simply
interrupting the spray with a baffle placed sufficiently close to the water sur-

face, it must be concluded that the spray definitely provides the forcing

mechanism. Considering the data for the 30-cps case from Figure 19, it

can be seen that hy ®# 2.3 cm and hy # 7.5 cm. Spray trajectory times corre- .
sponding to these trajectory heights are T, = 0.14 and T = 0,25 second,

respectively., The period of the low frequency mode is T = 0,36 second; thus

it can be seen that the trajectory time Ty is somewhat less than T/2 while Ty

is somewhat greater than T/2., This information can be correlated with the
observations of the high-speed motion pictures as follows:

(1) Assuming that T, is an indication of the maximum trajectory
time for which there will be a positive forcing of the low fre-
quency mode (impacting when the wave is moving downward),
then the corresponding particles will leave at the time toy as
shown in Figure 20.

(2) In the same way, if T; is an indication of the minimum trajectory
time for which there will be a positive forcing, then these
particles will leave at the time t_, shown in Figure 20. -

(3) Although the above observations are somewhat hypothetical and
no strong conclusions should be drawn from them, it can be -
further observed that the time period corresponding to the
shaded region in Figure 20 correlates well with the time period
over which spray particles are actually observed to leave the
surface.

The results of the baffle experiments seem to further enhance the
validity of Yarymovych's hypothesis.

Experimentally Determined Conditions for Spray Excitation
of the (m = 0, n= 1) Mode

The excitation conditions, over the frequency range 25 cps to 80 cps,
necessary to cause sprayexcitationof the (m = 0, n = 1) mode in a 24.8-cm
container, with water as the test liquid, are shown plotted in Figure 21, The
ordinate of this figure is the total amplitude of the (m = 0, n = 1) mode, and
the abscissa is the dimensionless input acceleration, wzxo/g. Each curve
represents a single excitation frequency. Figure 22 displays a plot of dimen-
sionless excitation acceleration versus excitation frequency for the threshold
of spray and for the conditions of a 2-cm and 4-cm peak-to-peak amplitude
of the spray excited mode. It may be seen that two curves for the threshold -
of spray are plotted in Figure 22, One curve represents the experimental
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data as presented in Figure 6. It may be recalled.that, in obtaining the data
for Figure 6, the liquid depth was maintained small to minimize the effect of
system compressibility, The other curve gives the input threshold of spray
for the greater liquid depth and was also obtained experimentally., The
influence of system compressibility is responsible for the divergence of the
two threshold curves in the range from 50 cps to 80 cps. It will be important
to account for this effect when attempting to make quantitative predictions or
correlations of the spray excitation of low order modes,

Some important observations concerning Figures 21 and 22 are:

(1) In general, the amplitude of the spray excited mode is very
sensitive to changes in the input acceleration for a given excita-
tion frequency.

(2) The maximum amplitude of the spray excited mode seems to
vary in a yet undetermined manner, depending upon the frequency.

(3) The input acceleration necessary to cause spray excitation of the
(m = 0, n = 1) mode is of the form input acceleration equals
threshold input acceleration plus excess input acceleration.

It appears that the proper approach in the correlation or prediction of
spray excited mode phenomena is to work with the excess acceleration since
this will be a governing factor on particle trajectory heights, etc, It should
be emphasized, however, that the proper acceleration to work with is the
-surface acceleration, not input acceleration values., Thus, the surface
acceleration could be written as

2
a w™x a a
——,s = CC( O) - st + —=2 (20)
g g g g

where

agt = threshold surface acceleration

C. = a factor to account for system compressibility

Figure 23 displays the excess surface acceleration obtained from the
information in Figure 22 and plotted as a function of the dimensionless input
frequency parameter, w?d/g. It is immediately apparent that for these test

results the excess surface acceleration can be written, to a first approximation,
in the form:
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24
age = C1 + Cz( w——g ) (21)

In an effort to learn more about how tank dimensions influence the
input and surface acceleration, an examination will now be made of some
other limited test results. Figure 24 displays the total amplitude of the
(m =0, n=1)spray excited modeinanll,4-cm container as a function of
input acceleration for 30, 50 and 80-cps excitation frequencies. In Figure 25,
a plot is shown of the excess surface acceleration as a function cf the dimen-
sionless frequency parameter (wzd/g) from the data of Figure 24 for the
11,4-cm container. These results should be compared with Figure 23, and
again it is noted that, to a first approximation, the excess surface accelera-
tion is of the form of Eq. (21).

Figure 26 shows some previously unreported results obtained by Kana
in his preliminary work on spray excited modes which preceded the work
reported here, The ordinate of Figure 26 is the dimensionless input accelera-
tion, wzxo/g, while the abscissa is Bond number based con container diameter,
Bgq- All tests were performed in a 14.5-cm container, and the Bond number
was varied by changing the test liquid from water at one extreme to pure
ethyl alcohol at the other extreme; various mixture ratios of water to alcohol
were maintained in between. Amplitude of the low frequency mode
remained constant during all tests; also held constant was the input
frequency parameter, (.ozd/g. As can be seen from this figure, input accelera-
tion decreases as the Bond number increases. It is also interesting to note
that the ratio of input acceleration for pure water to that of pure ethyl alcohol
from Figure 26 is very close to the same ratio of input spray threshold accel-
erations reported for these two liquids in Figure 6. While the range of experi-
mental data presented in Figure 26 is small, the above observation suggests

that (for a constant low order mode amplitude) correlation of sprzy excited
mode input accelerations for changes in liquid surface tension can be made
from threshold acceleration data.

Despite the fact that some indications have been noted of ways to
correlate experimental data for test results with varying size tanks (24.8 cm
and 11,4 c¢m) using water and, also, for test results with varying liquid sur-
face tension, not enough is presently known about the spray excited mode
phenomena to yield a universal correlation or prediction method valid for all

parameter conditions. For this reason, wehaverefrained from deriving
empirical equations from the test results expressing input or excess accel-
eration as a function of the very limited test parameters. The indications
are very strong that these equations would be valid only if the exact test
conditions were duplicated; therefore, their utility would be very limited,
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Results of Spray Density Measurements

The principal objective of the limited experiments performed to obtain
spray particle density information was to provide further verification of the
Yarymovych hypothesis. Testing was done with only one input frequency,

50 cps, but the input acceleration was varied over a range from 4.8 g's to
8.8 g's. For these tests, the liquid depth was 2.5 cm so that damping pre-
vented a low order mode from developing. Although the spray was uniform
over the surface (except very near the wall), the monitoring was done near
the tank center. For each acceleration level, the spray was monitored at
several heights above the liquid surface. Test results are shown in Figure 27
with the ordinate indicating particles per unit time striking the spray trans-
ducer, hence, in reality, the number of particles per unit time which pass a
given height, The abscissa is height of the transducer above the liquid sur-
face,

Since the particles impacting on the liquid surface provide a forcing
of the low frequency mode by virtue of their momentum prior to impact, the
information of Figure 27 could more usefully be presented as total momentum
versus height rather than just particle counts, Figure 28 shows such an
interpretation of these results and was obtained by multiplying each point of
the smooth curves in Figure 27 by the square root of the corresponding
heightg. A line of maximum momentum density has also been plotted in
Figure 28, Note that Figure 28 represents momentum passage just as Fig-
ure 27 represented particle passage; thus, the derivative of the curves in
Figure 28 would yield momentum density so points of maximum slope corre-
spond to maximum momentum density points, i.e., maximum force density
with respect to the liquid surface. Comparing Figure 28 with the results of
the baffle experiments, Figure 19, and of the experimental results shown in
Figure 21, the following point is noted: accepting 2.3 cm as an indication of
the minimum spray trajectory height necessary for (m = 0, n = 1) mode
excitation in a 24.8-cm tank, Figure 28 shows this will correspond to the
maximum particle momentum density height if wzxo/g is about 5, Figure 21
shows an input acceleration of 5 to indeed provide spray excitation of the
(m = 0, n = 1) mode for this excitation frequency.

It is important to point out another bit of information here, however,
namely that the aciion of the low irequency mode provides an additional
amount of surface acceleration which causes particle trajectory heights to
vary or be modulated over the period of the mode. This may explain why
the above comparison (based on spray measurements with no low frequency

9The square root of the trajectory height is proportional to impact velocity.
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mode present) showed an input acceleration of wzxo/g = 5, which normally
gives the most favorable forcing of the low frequency mode (Figure 21), only
gives maximum momentum spray trajectory heights of 2,3 cm (possibly
minimum necessary for excitation)., This also explains why it takes a greater
input acceleration level to initiate mode excitation than is required to main-
tain it, a phenomena which has been experimentally observed.

One other rather interesting experiment was performed utilizing the
spray transducer. It involved monitoring particle passage counts while the
spray excited (m = 0, n = 1) wave was in existence; also the amplitude of the
wave itself was monitored. The results of this experiment reiterated the fact
that the spray is modulated by the low frequency mode. This experiment also
demonstrated, as was inferred by the information in Figure 20, that the
particles which provide the forcing energy actually leave the liquid surface
somewhere during the quarter period following the time that the low frequency
mode is at its lowest position.

Sorokin [12} reported the results of an interesting investigation which
should be mentioned here since they are somewhat related to the spray experi-
ments described above. He was able to show that spray leaving the surface
influences the system excitation energy requirement in the same manner as
an added friction force. He considered this added force to depend upon the
square of the velocity of particles leaving the surface.

Summary

Most of the experimental evidence presented in the previous discussions
of the spray excited mode phenomena have been, admittedly, probably more
qualitative than quantitative. However, it is believed that this evidence can
be considered as conclusive proof of the validity of Yarymovych's basic
hypothesis. This was one of the objectives of the study. Further, while
insufficient experimental data were obtained to completely describe the con-
ditions necessary for spray excitation of low frequency modes, the following
information should be of further value:

(1) The excess surface acceleration is an important correlating
parameter and was found to be, generally, of the form

2
age = Cl +C2(—wgd)

for a constant amplitude wave.
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(2) For constant input frequency, wave amplitude and container
diameter, changes in the liquid surface tension generally seem
to produce changes in required input acceleration in the same
ratio as produced in the input threshold of spray acceleration.

(3) All experimental evidence seemed to verify the Yarymovych
spray hypothesis, and virtually no indication was found to the
contrary,
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VI. SOME EXPERIMENTS WITH RANDOM EXCITATION

Introduction

In the interest of rounding out the picture of surface disintegration
and spray excited mode phenomena, some limited experiments were per-
formed with a random vertical excitation. This short investigation was made
possible because the excitation and readout equipment necessary for random
work had already been assembled and developed on a separate and concurrent
research project at SWRI. That project, under the sponsorship of Marshall
Space Flight Center (Contract NAS8-20319), is in the final stages of comple-
tion and a Technical Report is forthcoming, Dalzell [13]. The objective of
this other research project was to perform an exploratory study of both
lateral and longitudinal random excitation of rigid cylindrical tanks. It is
instructive here to summarize an important result of that study for the longi-
tudinal case.

Qualitatively, the large amplitude free surface response to random
excitation is about what is observed for the sinusoidal case; that is, it appears
to be 1/2 subharmonic in nature. The magnitude of the free surface response
is influenced by acceleration level and frequency distribution. Figure 29
illustrates this behavior, and, as may be seen, the predominant frequency
contained in the free surface response is at about half the center frequency
of the random excitation. The reader further interested in behavior of the
liquid surface response to random excitation should refer to the upcoming
report by Dalzell [13].

Experimental Results

Experiments performed to determine the effect of random excitation
on the surface disintegration problem and the spray excited mode phenomena
were conducted with the equipment developed by Dalzell. Briefly, excitation
was provided by a 1600-1b electrodynamic shaker which had been "equalized"
so that a given input voltage yielded a constant acceleration output amplitude
over a desired frequency range. The random source driving into the shaker
was a special low frequency unit (Elgenco Corp.) providing a Gaussian noise
with frequency content from DC to 40 cps. A variable band-pass filter was
utilized to allow changes to be made in the frequency distribution of the shaker
input signal.

The first testing with the random apparatus for the present study was

done to determine information on the spray excited mode for comparison with
corresponding results of the sinusoidal excitation case. This testing involved
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monitoring the RMS amplitude of the low frequency mode as a function of RMS
input acceleration for three values of band-pass center frequency, namely

30, 50 and 80 cps. Two bandwidths were employed; 2 cps and 20 cps. Fig-
ure 30 shows the results for the 2-cps bandwidth case and should be compared
with data shown in Figure 24 for sinusoidal excitation, noting that the tank
diameter is the same for both and that frequency information is also compar-
able. Figure 31 displays results for the 20-cps bandwidth case which should
be compared with both Figures 24 and 30.

While there does not appear to be any correlation between the results
of Figure 24 and those of Figures 30 and 31, some trends appear similar,
namely:

(1) The input acceleration required generally increases with center
frequency.
(2) Spray excitation is possible over a wider range of input accelera-

tion as excitation frequency (or center frequency) increases.

(3) Also, as was observed for the sinusoidal case (see Figure 21),
there appears to be an optimum RMS input acceleration which
yields a maximum spray excited wave amplitude.

Comparison of Figure 30 and Figure 31 also reveals an interesting
trend. Notice that, with the exception of the region between 3 and 5-RMS
g's for the 50 cps case, all of the curves compare well, both qualitatively
and quantitatively. It would be interesting to determine if this trend continues
as the width of the random frequency band is increased still farther.

The results of the experimenting performed to determine the random
excitation effect on the threshold of spray are purely qualitative. The follow-
ing information was noted:

(1) For a narrow band random excitation, the spray was generated
generally as might be expected. That is, depending upon the time
varying random amplitude, spray was or was not produced. If
a very sensitive spray detector were available!lQ to monitor
spray, a correspondence could very probably be found between
the percentage of time the acceleration is above the sinu-
soidal threshold values predicted earlier and the percentage of
time spray is produced.

10A spray detector more sensitive than the one described earlier in this

report would be needed.
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(2) For broadband random excitation, the picture becomes con-
fused; however, again it is felt that by using a sensitive spray
transducer, a correspondence, as noted above, could be found
except that, in this case, one would need to monitor the per-
centage of time all frequency components in the excitation band
are above their corresponding sinusoidally predicted threshold.

The experiments performed with random excitation as described above
have yielded, admittedly, rather sparce information. However, the major
benefit gained was to demonstrate that, although knowledge of liquid surface
behavior under the action of sinusoidal disturbances is quite great and prob-
ably adequate for many engineering purposes, the analogous random excita-

tion problem is only at the very beginning stages of being studied and under-
stood.
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VII.

DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

Discussion and Conclusions

In this report, results have been presented of a combined experimental
and analytical study of liquid surface disintegration resulting from longitudinal
excitation of a tank containing liquid. Also presented were the results of an
experimental investigation of the spray excited low frequency mode phenomena
first reported by Yarymovych. Accomplishments and conclusions can be
summarized as follows:

(1)

(2)

(3)

(4)

(5)

The conditions necessary for surface disintegration have been
determined experimentally for several liquids. The required
input acceleration increases roughly in proportion to frequency;
thus, the phenomena is highly dependent on excitation velocity.
Reducing the liquid surface tension reduces the required input
acceleration; also, increasing viscosity increases the required
acceleration. However, below a certain frequency, the effects
of surface tension and viscosity become small, and gravitational
effects predominate.

A theory has been developed which predicts a large amplitude
instability of the liquid surface. This theory gives conservative
predictions of the experimentally determined disintegration and,
it is concluded, should be useful in making estimates of this
phenomena. The theory appears to be valid for arbitrary gravity
conditions (including low gravity), althoughno experimental
verification is available.

Observations made of a high frequency excited liquid surface
indicated that the most probable state is one with an equal dis-
tribution of wavelets responding at 1/2 the excitation frequency.
The mean wavelength corresponds approximately to the calculated
linear capillary wave value.

Several experiments were performed in an attempt to verify
Yarymovych's hypothesis of spray excited low frequency waves.
It is believed that the evidence presented, resulting from these
experiments, is conclusive proof of this hypothesis.

Testing was done in an attempt to define the conditions necessary

for spray excitation of low frequency modes. While the informa-
tion obtained was insufficient to allow a complete prediction of
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(5)

this phenomena, some of the results should be of further value.
First, the excess surface acceleration defined in this report is
an important correlating parameter and found to be generally
of the form

. 2
age T C1 + C2<M)
g

for a constant amplitude wave. Secondly, changes produced in
the required input acceleration, as surface tension alone is
varied, is in the same ratio as corresponding changes produced
in the input threshold of spray acceleration.

Some very limited testing was done with a narrow band random
input acceleration. It was found that a low frequency mode could
indeed be spray excited. A plot of RMS amplitude of the spray
excited wave as a function of RMS input acceleration for the
random case resembled qualitatively a similar plot for the
sinusoidal case. Spray production with very narrow band excita-
tion occurred as might be expected; that is, depending upon the
time varying random input amplitude, spray was or was not
produced. For broader band excitation, the picture became
confused and would be difficult to describe. The availability of

a sensitive spray detector would probably allow a correlation to
be made between the percentage of time the acceleration is above
the sinusoidal threshold level and the percentage of time spray

is produced.

Recommendations

Very briefly, some areas which appear to hold the most promise for
further study are summarized below:

(1)

Extend the surface disintegration theory to deal with:

(a) Transient disturbances generated by main engine cutoff,
etc.

(b) The effects of system compressibility (wall elasticity,
liquid compressibility, etc.). Since neglecting compres-
sibility tends to make the results less conservative, inclu-
sion of this effect would be important for prediction
purposes.
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(2)

(3)
(4)

(c) Wall contact effects and curved interfaces, which are
usually important under low gravity conditions.

Study the relationship between surface disintegration and vapor
entrainment.

Conduct experiments in accordance with the above ideas.
Initiate an analytical and experimental investigation of liquid

surface disintegration and associated phenomena for the random
excitation case.
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